Objective: To describe the association between maternal diet during the third trimester of pregnancy and bone mass in 8 y-old male and female children. Design: Longitudinal study. Setting: Southern Tasmania between 1988 and 1996. Subjects: One-hundred and seventy-three 8 -y-old male and female children with adequate maternal dietary information taking part in a study of bone mineralization. Results: After adjustment for confounders, femoral neck bone mineral density (BMD) was positively associated with magnesium and phosphorus density of the maternal diet; lumbar spine BMD was positively associated with magnesium, phosphorus and potassium and negatively associated with fat density while total body BMD was positively associated with magnesium, potassium and protein and negatively associated with fat density (all P`0.05). After further adjustment for other signi®cant dietary factors, the only signi®cant remaining associations observed were for phosphorus and fat at the lumbar spine, although the adjusted goodness of ®t of the models improved compared to those including one dietary variable. A child in the`optimal' levels of dietary exposures had signi®cantly higher adjusted BMD at all sites (femoral neck, 5.5%, lumbar spine, 12%, total body, 6.8%). Calcium intake was not associated with BMD at any site, possibly due to a high average intake. Conclusions: This study reports a substantial association between in utero diet in a well-nourished population and later bone mass in their children. However, it does not allow identi®cation of the dietary components of greatest importance, indicating that these results should be regarded as hypothesis-generating. Further longitudinal studies in other populations are required to con®rm that dietary manipulation during pregnancy has a role to play in the early life prevention of osteoporosis.
Introduction
Fractures are a major public health problem in males as well as females (Jones et al, 1994) . Bone density is one of the major predictors of osteoporotic fractures (Marshall et al, 1996) in the elderly and is the result of the amount of bone gained in early life (ie peak bone mass) and subsequent bone loss (Hansen et al, 1991) . Physical activity and, to a lesser extent, diet (particularly calcium intake) during adolescence and early adulthood have been implicated as determinants of peak bone mass (Valimaki et al, 1994) . However, the vast majority of adult bone mass is attained before age 14 (Sabatier et al, 1996) , but relatively little is known about the effect of genetic or lifestyle factors on bone acquisition during the time period from birth to puberty. Dietary factors may well be important. There is little data on diet during pregnancy or other dietary constituents in the prepubertal period that may be important. Animal studies have indicated that low calcium intake during pregnancy and lactation results in a bone mineral de®cit that is retained despite a diet that is suf®cient in calcium post weaning (Gruber & Stover, 1994) . A study in India showed increased bone density in neonates when their undernourished mothers were given calcium supplements during pregnancy (Raman et al, 1978) . We have recently reported, in children born at term, that those whose mothers smoke during pregnancy have lower size-adjusted bone mass at age 8 while those who are breast-fed have higher bone mass than those who are bottle-fed Jones et al, 2000a) . It remains to be seen whether dietary variation in well-nourished individuals during pregnancy is associated with either short-or long-term changes in bone mass in their offspring. We therefore asked the following research question: is maternal dietary intake during the third trimester of pregnancy associated with bone mass in their 8 -y old male and female children and is this effect independent of other factors associated with bone mass?
Methods
Tasmania is an island state of Australia. In 1988, there were 6779 live births in Tasmania. At the time of their births, a scoring system selected 1380 infants at higher risk of Sudden Infant Death Syndrome (SIDS) for possible participation in an infant health study (Dwyer et al, 1991) . The scoring system weighted the newborn infants according to their birth weight, season of birth, gender, mother's age, duration of second stage of labour and intention to breastfeed. All multiple births were included. In Southern Tasmania in 1988, 735 infants were born who were eligible to join the study. Of these, the mothers of 696 infants (95%) agreed to an in-hospital interview soon after the birth of their child and 515 (74%) ®lled in a food frequency questionnaire (FFQ) (see below). Comprehensive sociodemographic, obstetric and perinatal data were also collected, including information on breast-feeding, maternal smoking during pregnancy, maternal and paternal employment status, and parent's educational level.
The mother's dietary intake during the third trimester of pregnancy was measured using a self-administered FFQ (Baghurst & Record, 1984) applied shortly after the birth of their child. Two similar FFQs were used in 1988. The ®rst (used in error) was a questionnaire designed for use for child subjects (PFFQ). This questionnaire contained 151 food categories, and did not include categories such as alcoholic drinks or tea and coffee. The second FFQ contained 179 food categories and was designed to be selfadministered to adults (AFFQ). Both questionnaires included standard serving sizes; however, to be more appropriate for children, the serving sizes given in the PFFQ were occasionally smaller than those in the AFFQ.
Subjects were required to estimate how frequently they consumed a standard serving size of each of the food categories. The reference period was the third trimester of their pregnancy. Each questionnaire included supplementary questions relating to the type and amount of milk used and whether butter or margarine was usually used and with what foods. Mean daily energy and nutrient intake was estimated from each questionnaire using nutrient data from the Australian Tables of Food Composition (NUTTAB95,  AGPS , 1995) . The current study excluded twins due to the dif®culty of estimating in utero diet for each twin from maternal intake. In addition, subjects who gave multiple answers in a food category, who omitted pages of the questionnaire or who reported consuming from only 15 of the food categories or less were determined to have inadequately completed the questionnaire and were not included in the analysis for this study.
The cohort of 696 infants and their mothers who agreed to an in-hospital interview in 1988 were followed up for the present study. Using school lists, we were able to locate 551 of these subjects (80%) as still being resident in Tasmania in the calendar year they turned 8 -y old. This approximates the number of this group that was likely to still be resident in Tasmania estimated using annual outward migration rate data. Children and their mothers who provided informed consent to take part underwent an extensive protocol involving measurement of bone mass, weight, height, physical activity, diet, and sunlight exposure (see Jones & Dwyer, 1998; and Jones et al, 2000b) . 
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Ethical approval for this study was obtained from the University of Tasmania Ethics Committee (Human experimentation). Bone mass was measured using dual-energy X-ray absorptiometry at the lumbar spine and femoral neck. The instrument used was a Hologic QDR2000 densitometer on array setting. Bone mass was examined as bone mineral content (BMC) and bone mineral density (BMD). Precision estimates in vivo are not available for our subjects for ethical reasons, but are 1 ± 2% in adults. The longitudinal coef®cient of variation for our instrument during 1996 using daily measurements of a spine phantom was 0.54%. Figure 1 Maternal nutrient density during the third trimester of pregnancy and bone mass in prepubertal children. Data are presented as tertiles of nutrient density+ s.e.m.

Statistical analysis
The means and standard deviations of continuous variables were used as descriptive statistics, and percentages for dichotomous variables.
Dietary variables were converted to nutrient density by dividing estimated daily micronutrient intake by the estimated total daily energy intake or by expressing macronutrient intake as the percentage contribution of estimated total daily energy intake. Dietary associations with bone mass were then assessed in four ways to determine the best way of modelling the data utilizing linear regression analysis. Firstly, correlation coef®cients between the dietary variable and bone mass were estimated. Variables were then split into tertiles. A test for trend was performed followed by t-tests of the difference between tertiles 2 and 3 and tertile 1 as well as the difference between tertile 3 and tertiles 1 and 2. The strongest association in terms of P-value was then modelled. Regression models were utilized for univariate analysis at all three bone mass sites and then multivariate models were utilized to adjust for potential confounders as well as usage of different dietary instruments. Any variable with a P-value`0.05 was then included in a regression model with other signi®cant dietary variables, potential confounders and an item for the different dietary instruments. A P-value`0.05 (two-tailed) was regarded as statistically signi®cant. r 2 values were adjusted for number of variables. Adjustment for multiple comparisons was not performed. Statistical analyses were conducted using SPSS Version 8.0 for Windows (Cary, NC).
Results
There were a total of 330 participants (215 males, 115 females) representing a response rate of 60% of those available in 1996, or 47% of those selected in the original cohort in 1988. Of this number, 298 were from single births. Maternal dietary data measured in 1988 was missing for 85 subjects (28.5%). Dietary information was considered unreliable for a further 30 mothers (14.1% of those who completed dietary questionnaires). Another 10 subjects were missing one or more measurements of confounders and were excluded so that adjusted and unadjusted models were comparable. These exclusions resulted in full data being available in 173 subjects (52% of participants or 25% of those in the original cohort). The PFFQ was ®lled out by 47 subjects and the AFFQ by 126 subjects. The two measures were similar in terms of estimating nutrient densities: calcium (0.13 vs 0.12 mgakJ, P 0.82), magnesium (0.033 vs 0.033 mgakj, P 0.58), potassium (0.38 vs 0.39 mgakJ, P 0.37), phosphorus (0.18 vs 0.18 mgakJ, P 0.94), protein (0.01 vs 0.01 gakJ, P 0.18) and fat (39 vs 37% of total intake, P 0.01). They were, therefore, combined for subsequent analyses. Table 1 shows the differences between subjects included in this paper and excluded subjects. Included participants had signi®cantly higher levels of tertiary education, breastfeeding, winter sunlight exposure and lower levels of paternal unemployment (all P`0.05) as well as a trend to lower levels of maternal smoking (P 0.054). However, no signi®cant differences were observed in other explanatory variables, current energy intake or bone mass.
Nutrient intake are detailed in Table 2 . Estimated mean calcium intake was high at 1905 mgaday. Other average Table 3 Associations between nutrient intake during pregnancy and bone mineral density in 8 -y-old children Adjusted for method of dietary assessment, maternal education, paternal unemployment, sex, weight at age 8 y, height at age 8 y, weekend sunlight exposure in winter at age 8 y, smoking during pregnancy, sports participation, ever breast-fed and current calcium intake.
T1, T2, T3 tertiles 1, 2 and 3, respectively.
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Results were very similar for BMC and BMD so only BMD is presented here. Unadjusted data are presented in Figure 1 as tertiles of nutrient density. In this form of analysis, femoral neck bone density was signi®cantly associated with phosphorus (tertile 3 vs tertiles 1 and 2, 3.8%) and magnesium (tertile 3 vs tertiles 1 and 2, 5.0%). Lumbar spine BMD was signi®cantly associated with phosphorus (tertile 3 vs tertiles 1 and 2, 5.5%), magnesium (tertile 3 vs tertiles 1 and 2, 6.4%), fat (À2.5% per tertile) and potassium (2.6% per tertile) while total body BMD was signi®cantly associated with magnesium only (tertile 3 vs tertiles 1 and 2, 2.7% all P`0.05).
The model building process selected tertile 3 vs tertiles 1 and 2 for both magnesium and phosphorus, tertiles 2 and 3 vs tertile 1 for protein, continuous assessment for milk and potassium and ordinal ranking as tertiles for fat intake. In linear regression, the following individual nutrients were signi®cantly associated with BMD after adjustment for other explanatory factors: phosphorus and magnesium at the femoral neck; phosphorus, potassium, magnesium and fat at the lumbar spine; and potassium, magnesium, protein and fat at the total body (Table 3) . After, inserting the signi®cant dietary variables into a regression model, no factor was signi®cantly associated with femoral neck or total body BMD while phosphorus and fat remained signi®cantly associated with lumbar spine BMD (Table 4) . Collinearity was not a problem with the ®nal models. The combination of dietary variables led to a better goodnessof-®t for the models than any single dietary variable (Tables 3 and 4) . A child in the highest tertile of phosphorus and magnesium had BMD 5.5% higher at the femoral neck as compared to the rest. A child in the highest tertile of magnesium, potassium and phosphorus and lowest tertile of fat had BMD 12% higher at the lumbar spine as compared to the rest while a child in the highest tertile of magnesium, potassium, highest two tertiles of protein and lowest tertile of fat had BMD 6.8% higher compared to the rest.
With the exception of milk density at the femoral neck, no other food variable was associated with BMD at any site (Table 5 ). Total energy intake was not related to BMD at any site (data not shown). Magnesium intake was associated with birth weight after adjustment for gender and period of gestation (difference in tertile 3 vs tertiles 1 and 2, 194 g, P 0.013). However, further adjustment for birth weight did not alter the reported associations above. No other dietary variables were associated with birth weight. No differences in associations were observed between males and females, term and preterm infants or if BMC was utilized instead of BMD (data not shown). Results were also broadly similar if all available dietary data was included in the analyses (data not shown).
Discussion
In this prospective study, we report for the ®rst time an association between the third trimester diet of women and bone mass in their 8 y-old children. This association is of a clinically important magnitude and may be biological in nature as it was independent of other factors associated with bone mass in this sample. However, this study cannot identify which nutrients are of greatest importance, indicating that these associations should best be regarded as hypothesis-generating.
It is surprising that diet during pregnancy in wellnourished populations may be associated with bone mineralization in childhood. Maternal diet was recently reported not to be associated with birth weight (Matthews et al, 1999) . In our data, only magnesium intake was associated with birth weight, paralleling a recent review, which found a 34% reduction in the risk of low birth weight with magnesium supplementation (Makrides & Crowther, 1999) . However, adjustment for birth weight did not alter our ®ndings. Furthermore, only 21 g of bone is laid down in utero (Gertner, 1999 ) so any association is unlikely to be due to variation in the amounts of bone laid down during this time. It is more likely to represent a programming phenomenon, whereby cells respond differently to genetic and environmental stimuli based on early exposures. In humans, this appears to be the case for ischaemic heart disease, diabetes mellitus and hypertension (Barker, 1993 ). It appears likely to apply to bone also as we, and others, have previously reported early life associations with smoking in utero and breast-feeding in early life (Jones et al, 2000a,b; Backstrom et al, 1999) as well as breast milk supplementation, although the bene®t reported at age 5 y did not persist at age 11 y (Bishop et al, 1996; Fewtrell et al, 1999) . The dietary associations we report in this paper are independent of these factors and, unlike both breast-feeding and smoking, are present in both term and preterm infants, suggesting that they are not dependent on a possible physiology of maturity.
Considering each nutrient separately, the most consistent adjusted associations were observed for magnesium with signi®cant associations at all three BMD sites. Phosphorus, potassium and fat were signi®cantly associated with two sites and protein at one site only. These site variations may re¯ect the different biology at the three sites Table 3 . T1, T2, T3 tertile 1, 2 and 3, respectively.
Maternal diet and BMD in children G Jones et al or they may represent chance associations due to multiple comparisons. However, when each signi®cant dietary variable was included in multivariate model, the only signi®-cant associations were observed for fat and phosphorus at the lumbar spine. While it is not possible to determine the exact contribution of each individual variable, the combination is clearly important based on the comparison between the goodness of ®t in combined and single nutrient models. After adjusting for body size and environmental factors, a child in the ideal exposure categories had BMD 5 ± 12% higher at age 8 as compared to those not in these categories. This is of substantial magnitude and similar in magnitude to associations with physical activity and BMD reported by us, and others, in prepubertal children (Jones & Dwyer, 1998; Bass et al, 1998; Khan et al, 1998) . It remains to be seen, however, if this effect persists into adult life and thus can have a role in preventing fractures in later life. Similarly, while corroborating evidence is available in animals, we are aware of no other data in well-nourished human populations, indicating the need to replicate these ®ndings in different populations.
Our results may represent biological associations between these speci®c nutrients and bone mass. Recent studies have suggested that diets high in magnesium and potassium may be bene®cial for bone mass maintenance in elderly (Tucker et al, 1999) , postmenopausal women (Tranquilli et al, 1994) and premenopausal women (New et al, 1997) . The role of phosphorus is more controversial. Excessive phosphorus from carbonated beverages may increase the risk of adolescent fractures (Wyshak & Frisch, 1994) as well as impair bone homeostasis (Calvo, 1994) . However, phosphorus supplementation leads to short-term increases in growth in preterm neonates (Faerk et al, 2000) while phosphorus intake is positively associated with BMD in young women (Teegarden et al, 1998) and postmenopausal women (Tranquilli et al, 1994) . There have been few reports relating fat intake to BMD. A study from Greece linked intake of monounsaturated fat positively with BMD in men and women (Trichopoulou et al, 1997) . Similarly, protein intake has been shown to help maintain bone density in the elderly (Schurch et al, 1998) and in premenopausal women (Cooper et al, 1996; Teegarden et al, 1998) although animal protein may be detrimental in excess (Lindsay, 1999) .
We did not ®nd any signi®cant associations with calcium intake with exception of milk intake at the femoral neck. There are many studies demonstrating modest but signi®cant effects with higher calcium intakes or supplementation (Cumming & Nevitt, 1997) . The resolution of this apparent paradox may be that calcium intake above a certain threshold level does not contribute further to bone mineralization. Many of the supplement studies showing positive results have been conducted in populations consuming a relatively low background calcium intake (Lau et al, 1992; Recker et al, 1996) . Our sample apparently had a high mean daily calcium intake of 1905 mg. This is likely to be an overestimate. The mean energy intake is also high, being 73% greater than a weighed food estimate in Australian women (Ash, 1995) and greater than the recommended intake in Australia (NHMRC, 1991) . Weighed dietary records have been noted to under-report dietary intake, while FFQs have often been observed to over-report dietary intake (Jenner et al, 1989) . The proportions of macronutrients reported in this study and the weighed record study are similar and thus suggest that this over- Table 5 Associations between food intake during pregnancy and bone mineral density in 8 -y-old children Table 3 .
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reporting is global and that estimated nutrient density may be close to true nutrient density. Similarly, our FFQ overestimates calcium intake in comparison with a short questionnaire; however, both FFQs correlate modestly but signi®cantly in estimating maternal calcium intake 8 y apart (Jones & Scott, 1999) . The likely outcome of measurement error with the FFQ is a weakening of the strength of the association between early diet and BMD. Furthermore, our instrument has been validated in diabetics but not in healthy populations (Riley & Blizzard, 1995) . The two different FFQs utilized gave similar results for mean nutrient density and did not show different relationships with BMD. This is not surprising when it is considered that both were long and comprehensive (each in excess of 150 food categories) and that subjects may pay more attention to their frequency of intake rather than their usual portion size. Development of biological markers of these exposures will help in obtaining more accurate estimates of the dietary bone mass associations The children who took part in this study are not representative of Tasmanian children. They were originally selected on the basis of having a higher risk of SIDS. As a result, there was a higher proportion of males, premature babies, teenage mothers and smoking during pregnancy. These ®ndings suggest that this group are of a lower socioeconomic status than the Tasmanian population as a whole. In addition to this, subjects who were excluded due to inadequate or missing information appeared also to be of lower socioeconomic status with higher rates of smoking and unemployment and lower rates of breast-feeding and tertiary level education. While this study is of a strong longitudinal design and meets the criteria for generalizability outlined by Miettinen (1985) , and the reported dietary associations persisted after adjustment for these factors, it is not possible to totally exclude confounded results due to this selection and loss to follow-up biases. Overall, these observations would suggest that the associations we report in this sample may be generalizable to other prepubertal populations.
In conclusion, these observations provide important preliminary evidence regarding in-utero diet and bone mineralization in children. If these associations are documented in other populations and persist until the attainment of peak bone mass, dietary manipulation in well-nourished pregnant populations may have a role to play in the early life prevention of osteoporosis in their offspring.
